The spatial patterns of precipitation anomalies in eastern China during both warm and cold periods over the past 2000 years were studied.
Introduction
Descriptions of the spatial patterns of climatic change and climatic variability on a regional scale over the last 2000 years are important in helping to understand past climate variability, in detecting the mechanisms of climate change, and in providing historical analogues to the current warming of the Earth's surface (PAGES, 2009) . During the past 100 years, global warming may have altered the Earth's hydrological cycles. Models and observations suggest that anthropogenic forcing may have significantly contributed to the observed increases in precipitation in the mid to high latitudes of the Northern Hemisphere and to the observed decreases in precipitation in the subtropics and tropics of the Northern Hemisphere (Trenberth et al., 2007; Karl et al., 2009; Trenberth, 2011; PAGES, 2012) . In China, observational evidence from 1951 to 2009 has shown that, despite an increase in average temperature of 1.0 ∘ C, there has been no significant trend in the mean * Correspondence to: Dr Q. Ge, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, No. 11A Datun Road, Chaoyang District, Beijing 100101, China. E-mail: geqs@igsnrr.ac.cn precipitation over the whole country. However, a precipitation pattern of negative anomaly in the north of the country and positive anomaly in the south has dominated since the 1970s (Ding et al., 2008) . Some previously published studies have found that, during the Medieval Climate Anomaly (MCA), prolonged and severe droughts affected many parts of the western United States and northern Mexico (PAGES, 2011) . European proxy records also show major hydrological anomalies during this time, with drier conditions in southern Europe and wetter conditions in north-western Europe (Seager et al., 2007; Burgman et al., 2010) . Equatorial east Africa has experienced alternating climatic conditions, with an exceptionally long-lived drought during the MCA and a wet episode during the Little Ice Age (LIA) (Verschuren et al., 2000; Diaz et al., 2011) .
Since the early 1980s, several studies have suggested that the spatial patterns of precipitation anomalies in China may be linked to fluctuations in temperature. For example, Zheng (1983) found that the climate tended to be drier in western China and wetter in eastern China for colder decades during the period , with an inverse pattern seen in warmer decades. Wang et al. (1993) showed (Ge et al., 2013a) and (b) the Northern Hemisphere (Ljungqvist, 2010) . The solid line shows the decadal temperature anomaly (referenced to the mean value for AD ) and the broken line shows the anomaly with 100-year smoothing. The shaded areas represent uncertainties at the 95% confidence level. The red and blue bars are the four warm and five cold periods selected for this study. (c) Percentage of six published temperature series in the Northern Hemisphere indicating cold and warm periods (Ge et al., 2013b) ; the main climatic stages are from Lamb (1977) .
that wet conditions were prevalent over south of the Yangtze River during the MCA (950-1250), but that wet conditions dominated over the north of China during the LIA (1550-1850). Yang et al. (2014) studied the variations in drought conditions at the northern boundary of the Asian summer monsoon in China; they found that drought was consistent in the western and eastern parts of this belt, except during the coldest period, AD 1625-1644, when there was a pattern of wet conditions in the west and dry conditions in the east. Sporadic precipitation proxies from several different natural archives in local sites and several short-term time-slices also showed inconsistent patterns (Shao et al., 2006; Chu et al., 2009) . Simulation results from the ECHAM4 -HOPE-G (ECHO-G) coupled ocean-atmosphere model indicated that more precipitation occurred in the warm periods and less precipitation in the cold periods; the phases (cold spells and warm peaks) of the variations in precipitation lagged behind those of temperature (Wang et al., 2011) . However, there are still large uncertainties in the main spatial patterns of precipitation associated with decadal-centennial cold/warm periods over China and there is inconsistent knowledge of large-scale dry and wet spatial patterns for the typical warm and cold periods. More accurate analyses using high-resolution precipitation proxy data sets are required. In the work reported here, we used a data set derived from Chinese historical documents of the grade of droughts and floods to establish the spatial patterns of changes in precipitation for centennial warm and cold periods over eastern China during the past 2000 years. We aimed to investigate whether any coherence existed in the spatial patterns of changes in precipitation for each warm period or cold period. The result may have implication for spatial patterns of precipitation anomaly in the future studies of climate change.
Data and methods
2.1. Temperature series used for selecting centennial warm/cold periods A 2000-year temperature series (Ge et al., 2013a) was used to identify centennial warm/cold periods (Figure 1 ). This series was reconstructed from sub-regional proxy data for temperature across China with relatively high confidence levels. Each sub-regional proxy series for temperature was developed by envelope assessment (Ge et al., 2010) based on several proxies (such as historical documents, tree rings, ice cores, lake sediments, and stalagmites) from individual sites or small regions. The total number of proxies was 28 for the whole country and most of the proxies had a time resolution finer than 10 years. Compared with earlier temperature reconstructions for China (e.g. Yang et al., 2002; Wang et al., 2007) developed using synthesized temperature proxies from individual site, this reconstruction has a better spatial coverage because the proxies used for the synthesis are from more sites, with many new samples over the whole country.
This new reconstruction shows that the fluctuation of cold and warm periods over China is consistent with that in the Northern Hemisphere, as reconstructed by Mann et al. (2008;  the errors-in-variables land reconstruction was included), Ljungqvist (2010) , McShane and Wyner (2011) and Christiansen and Ljungqvist (2012) . The temporal pattern of temperature change in China is consistent with that in the Northern Hemisphere as reconstructed by Ljungqvist (2010) , except for an evident mismatch during AD 701-850. From Figure 1 , we selected four warm periods including AD 650-750 (W1), AD 1000-1100 (W2), AD 1190-1290 (W3) and AD 1900 AD -2000 , and five cold periods including AD 440-540 (C1), AD 780-920 (C2), AD 1390-1460 (C3), AD 1600-1700 (C4), and AD 1800-1900 (C5) as the intervals for the centennial Table 1 . Criteria for calibrating the drought/flood grade and descriptions of drought/flood disasters recorded in historical documents (Zhang, 1996) . It is worth noting that the choice of the warm/cold events highly relies on the used different reconstruction series. For example, the cold and warm periods identified from the two tree-ring based reconstructions (Yang et al., 2012; Datsenko et al., 2014) in the northeast of Tibetan Plateau revealed a close connection of the climate variations with the solar activity events during the last millennium. But the regional cold and warm stages still have discrepancies with our selections. Thus, the reconstructions with large spatial coverage and more individual proxies involved should be selected.
Data set for spatial patterns of precipitation anomalies on a centennial timescale
The data set used for reconstructing the spatial patterns of precipitation anomalies on a centennial timescale is an annual index of the grade in severity of drought/flood derived from descriptions of drought and flood disasters (with direct impacts on agriculture and society) recorded in Chinese historical documents (Zhang, 1996) . The grades were classified using the ideal frequency criteria of 10% (grade 1, severe drought), 20% (grade 2, drought), 40% (grade 3, normal), 20% (grade 4, flood), and 10% (grade 5, heavy flood) for whole area and all time, which were calibrated with the intensity, duration, and area of the disaster, and its impact (Table 1 ). This data set covers 63 sites (Figure 2 (a)) in eastern China (approximately east of 105 ∘ E and south of 40 ∘ N on the mainland) and extends to 137 BC with a resolution of 1 year. Some of the index data for the grade of drought/flood before 1470 were unavailable (see Figure 2 (b) for the percentage of available drought/flood grade data, excluding grade 3) as fewer historical documents survive from these earlier times (Zhang, 1996) . In addition, the data for the grade of drought/flood were unevenly distributed spatially, i.e. there were few available data for grade of drought/flood in China before AD 760 and even fewer data in south of the Huaihe River (approximately 34 ∘ N) before AD 300 (Zhang, 1996) . Compared with the data set of yearly dryness/wetness grades (1 = very wet, 2 = wet, 3 = normal, 4 = dry, 5 = very dry) for 120 stations in China from 1470 to 1979 (Academy of Meteorological Science of China Central Meteorological Administration, 1981) , this data set covered a longer duration of time. This data set also covered more areas with a higher spatial resolution than the data set reconstructed by Zhang et al. (1997) for six regional series of grades for dry/wet conditions from AD 960 to 1992 from the Lower Yangtze Valley to the North China Plain. This dataset, thus, provides a valuable proxy to study the spatial patterns of changes in precipitation for centennial warm and cold periods over eastern China back to the past 2000 years. By using this data set, Zheng et al. (2001 Zheng et al. ( , 2006 studied the characteristics of changes in the bicentennial drought/flood spatial patterns from AD 101 to 1900 and reconstructed a 1500 year regional dry/wet index series for the North China Plain (approximately 34-40 ∘ N), the Jiang-Huai area (approximately 31-34 ∘ N) and the Jiang-Nan area (approximately 25-31 ∘ N).
Method for reconstructing spatial patterns of precipitation anomalies on a centennial timescale
To avoid the effect of missing data on the estimation of precipitation anomalies in a certain period, we used the difference between drought and flood frequency (DDF) in our calculations. The DDF is deduced as follows:
For a t-year period (i.e. a warm period or a cold period) starting at year s, the ratio at which grade k occurs at site j in the given period will be:
where k is the selected grade of drought/flood, i.e. k = 1, 2, 4, 5 where 1 = severe drought, 2 = drought, 4 = flood, and 5 = heavy flood, respectively, and T represents all drought/flood grades (except for normal condition), F k ij is the frequency of k, F T ij is the frequency of T (missing data are excluded).
The ratio at site j at which grade k appears within the reference period covers M years (e.g. over all 2000 years, over one of the time periods such as AD 850-1850, or all warm and cold periods) will be:
For any site, although the occurrence of missing data increases back in time, the missing probabilities for drought and flood records were random, i.e. when one period with a large number of documents, it had rich both drought and flood records, and vice versa. Therefore missing data should not have a significant effect on the value of p k j on timescales longer than a decade. Thus the rate of p k j∕ p k j indicates the deviation of the frequency of drought/flood at site j when a grade k drought/flood appears within a t-year time period from a reference period.
Finally, the index of DDF at site j for a warm or cold period is defined as:
From this definition, it is easy to see that the DDF value indicates the balance between the degree of deviation of the frequency of drought/flood within a specific time period from the frequency in a reference period. When DDF = 0, the degree of deviation of the frequency of drought in a specific time period is equivalent to the degree of deviation of the frequency of flood in a given reference period, which indicates that the dry/wet condition in that specific time period is equivalent to that in the reference period. When DDF < 0, this means that the conditions in a specific period are dry relative to the reference period; when DDF > 0, this means that the conditions in a specific period are wet relative to the reference period. The absolute value of DDF indicates the degree of deviation of the dry/wet conditions, i.e. a larger value indicates severe drought or flood. We can therefore use Equation (1) to illustrate the spatial patterns of precipitation anomalies for each of the specified warm and cold periods.
On the basis of definition of DDF, the deviation of DDF in the specific period from the reference period is caused by the change of drought and flood grade frequency distribution in the specific period comparing with that in the reference period. Therefore, the chi-squared test, which is used to test whether there is significant difference between the two distributions usually (Wei, 2007) , is used here to evaluate the significance of the deviation of DDF between the specific period and the reference period.
Verification
To verify the results, the reference period was set as one of four periods: (1) the whole 2000 years (AD 1-2000); (2) all the selected warm and cold periods; (3) AD 850-1850, representing the natural millennium climatology covering the inter-centennial warm and cold periods (i.e. the MCA and LIA); and (4) AD 1500-2000, representing the time period in which all the annual data on grade of drought/flood were available (no missing data). Comparing the spatial patterns of precipitation based on the four reference periods (see Figure S1 , Supporting Information), although the percentage of missing data was different in each reference period, the characteristics of the data in the same warm/cold stages were very similar. For example, Figure 3 shows the spatial patterns of precipitation anomalies during the period AD 780-920. All the four maps show consistent dry/wet conditions: dry in south-east and north-west, but wet in the central areas, although there are differences in the severity of dry or wet conditions between the four reference periods. Therefore the different reference periods and missing data for the grade of drought/flood may not affect the results of the spatial patterns; this shows that our method of analysis for the reconstruction of the spatial patterns is reasonable.
Results
The spatial patterns of precipitation anomalies on a centennial timescale for the five cold and four warm periods are plotted in Figure 4 using the mean value of all of the past 2000 years as the reference. In addition, in order to show the statistically significant different areas from the reference period, the chi-squared test at 90% significant level was conducted. During the first warm period (W1; AD 650-750), the eastern part of the Northwest and the valley of the Huaihe River were both under dry conditions, but the middle and lower reaches of the Yellow River valley and south of the Yangtze River valley were under wet conditions. During period W2 (AD 1000-1100), east of 110 ∘ E, the precipitation anomalies show a pattern of wet (south of the Yangtze River and in the eastern part of the south-west) -dry (most areas between 28 and 37 ∘ N) -wet (Hebei Province and most of Shanxi Province) from south to north. However, there were dry conditions at west of 110 ∘ E. This pattern looks similar to the leading pattern of precipitation anomaly for period of 1000-1100 (the warming interval of MWP) obtained from CESM1.0 and MPI Earth System Model simulations under full forcing including solar radiation, volcano, greenhouse gases, and land use (Man et al., 2012; Yan et al., 2014) . For period W3 (AD 1190-1290) dry occurred in the north and wet in the south, approximately along the latitude 30 ∘ N, except for the middle part of the Yangtze River valley and the Hanshui River valley, where there were dry conditions. In period W4 (AD 1900 (AD -2000 , the spatial pattern shows zonal changes from south to north: dry in South China; wet in south of the Yangtze River (between 27 and 31 ∘ N); dry in the Huaihe River valley and North China Plain; and wet conditions in the eastern part of the north-west. Although dry conditions were dominant in north of the Yangtze River valley in warm periods, the spatial patterns were inconsistent, particularly along the Yangtze River Valley, among the four warm periods. The precipitation anomalies during the five cold periods also showed different spatial patterns. For period C1 (AD 440-540), the regions of the Yangtze River valley and the Huaihe River valley and the North China Plain were under wet conditions, but the upper and middle reaches of the Yellow River and south of Yangtze River were under dry conditions. For period C2 (AD 780-920), the climate showed a similar dry-wet-dry pattern to that seen in period W2 from south-east to north-west, in which the north-west and south-east were very dry, but the regions including the North China Plain and the middle reaches of the Yangtze River were wet. For period C3 (AD 1390-1460) , the dry climatic anomaly was dominant. The spatial pattern showed dry in the west and wet bounded by east 115 ∘ E; wet conditions mainly occurred in the south-east, the North China Plain (except the western part of Shandong Province and the southern part of Henan Province) and the northern part of Shaanxi. For period C4 (AD 1600-1700), the climate showed a meridional distribution, with dry in the east -wet in the middle (around 110 ∘ E longitude) -dry in the west; however, wet conditions were seen in south of the Yangtze River valley in the eastern region. For period C5 (AD 1800-1900), wet conditions were dominant, except in Guizhou, the Hanshui valley and part of north China. These five maps do not show consistent spatial patterns, although there are somewhat similarities between the periods C4 (AD 1600-1700) and C5 (AD 1800-1900). The similarities were featured by meridional distribution that is dry along 112 ∘ E and wet for the two sides.
To investigate any coherence in the spatial patterns of changes in precipitation among each warm period or each cold period, as well as the difference of spatial patterns between warm and cold period, the coefficients matrix of spatial patterns among warm and cold periods was shown in Table 2 . The results showed that only 41% (16/39) coefficients passing the significant level at = 0.10, in which half of them were positive (i.e. analogous pattern between two periods) and the other half were negative (i.e. inverse pattern for two periods).
For the warm periods, the highest positive coefficient with 0.427 was found between periods of 650-750 (W1) and 1190-1290 (W3), passing = 0.01 significant level, which showed similar dry or wet conditions over the most study areas for both periods, except for the region of the mid-lower reaches of the Yellow River valley, where wet in W1 but dry in W3 (Figure 4) . The second significant positive correlation was between periods of 650-750 (W1) and 1000-1100 (W2) with the coefficient of 0.328, passing = 0.05 significant level. The coefficients between the 1900-2000 and other three warm periods before the 20th century did not pass the = 0.1 significant level i.e., no obvious analogous pattern exist between the 20th century and historical warm periods.
On the other hand, for the five cold periods, there was only one positive coefficient passing significant level at = 0.01, which was between periods of 1600-1700 and 1800-1900. However, the negative significant coefficients were found between periods of 440-540 and 1800-1900, 440-540 and 1600-1700, passing the significant level at = 0.01 and = 0.05, respectively, as well as 780-920 and 1800-1900, 1390-1460 and 1600-1700 with the significant level at = 0.10.
For the correlations of the DDF spatial patterns between warm and cold periods, the negative coefficients were found between periods of 440-540 and 1900-2000 with highest value of −0.52 at a significance level of = 0.01, which showed an inverse pattern over the most study area (W4 and C1 in Figure 4) . Except in the southwest region, the spatial pattern of 1900-2000 (W4 in Figure 4 ) is the opposite of that of 780-920 approximately (C2 in Figure 4) , with the coefficient of −0.27 (at = 0.05 significance level). In addition, the significant positive coefficients were found between periods of 1800-1900 and 1900-2000 with wet in northwest and southeast for both, as well as 1600-1700 and 1900-2000 with dry in the most of north China and wet in its surrounding regions.
The above results suggested that there have been no fixed spatial patterns of precipitation anomalies during either cold or warm periods in eastern China over the past 2000 years, which implicated that the association between temperature variation and spatial pattern of precipitation change might be diversified combination.
Discussion and conclusion
As reported in previous studies, the climate was drier (wetter) in western China and wetter (drier) in eastern China for cold (warm) decades during 1470 -1970 (Zheng, 1983 ; wet conditions were prevalent over south of the Yangtze River for the warm period 950-1250, and dominated in the north of China for cold period 1550-1850 (Wang et al., 1993) . Their results presented the spatial pattern of precipitation anomaly during cold and warm periods, indicating the long-term climatic mean status. For the purpose of comparing with their results, the ensemble means of the DDF in the five cold periods and the four warm periods and their differences are illustrated in Figure 5 . It was found that the spatial patterns between ensemble means of the DDF for cold and warm periods were quite different. For all five cold periods, the ensemble means of DDF showed a meridional distribution from east to west ( Figure 5(a) ). Wet condition was presented in east of 115 ∘ E and the most of the area between 110 and 105 ∘ E, whereas the most of the area between 115 and 110 ∘ E, as well as the northwest, was under dry conditions. This spatial pattern was somehow similar to the features of dry in the west and wet in the east during cold decades reported by Zheng (1983) . In contrast with the spatial pattern seen in the cold periods, the warm periods showed a zonal distribution of dry-wet-dry ( Figure 5(b) ) bounded by latitude 25 and 30 ∘ N. This pattern is somewhat in common with the pattern of wet in south of the Yangtze River during 950-1250 reported by Wang et al. (1993) .
Moreover, the differences in the DDF ensemble mean between the warm and cold periods ( Figure 5(c) ), indicating the climatology of precipitation anomalies in eastern China, showed a complex pattern, in which, the dry centre located at the north of lower reaches of the Yangtze River and Qinling Mountain, whereas the wet centre located at the south of middle reaches of the Yangtze River. This spatial pattern was approximately similar to that of the observed precipitation change in 1956-2002, with the evident declining trend in annual precipitation over the Yellow River and ascending trend in south of Yangtze River (Ding et al., 2007) , which was associated with the decreasing Asian summer monsoon (Ding et al., 2008) . This result implicated that the probability of dry in north of the Yangtze River and wet in south of the Yangtze River in warm periods is higher than that in cold periods, although the association between temperature variation and spatial pattern of precipitation change varied case by case.
On the basis of analyses and comparisons reported in this paper, the following conclusions about the spatial patterns of precipitation anomalies for centennial warm and cold periods during the last 2000 years in eastern China are suggested. Although dry conditions were dominant in north of the Yangtze River valley, the spatial patterns were inconsistent among the four warm periods. They did not show consistent spatial patterns of precipitation anomalies among the five cold periods, although there were somewhat similarities between cold periods of 1600-1700 and 1800-1900, which both were featured by meridional distribution with dry along 112 ∘ E and wet for the two sides. Although the inverse patterns over most of the study area were found between cold period of 440-540 and warm period of 1900-2000, also between cold period of 780-920 and warm period of 1900-2000; the coherence was also found in cold (1800-1900) and warm periods with wet in northwest and southeast. These results suggested that there has been no fixed spatial pattern of precipitation anomalies during either cold or warm periods in eastern China over the past 2000 years, which implicated that the association between temperature variation and spatial pattern of precipitation change should be varied case by case. Furthermore, our research showed that the relationship between temperature and spatial pattern of precipitation might be very complex, and could be of significance for understanding the uncertainty and diversification of spatial pattern for precipitation anomaly in the future climate change.
